INTRODUCTION {#SEC1}
============

Eukaryotic gene expression is a complex process initiated by transcription in the nucleus. Following their maturation, newly formed mRNAs are exported to the cytoplasm where they are translated into proteins. Simultaneously, older mRNAs are constantly degraded allowing a homeostatic maintenance of the cellular mRNA concentration.

Bulk mRNA decay is initiated by the shortening of its poly(A) tail via deadenylation, which is most often a rate-limiting and tightly regulated process ([@B1]). Shortening of the poly(A) tail is accompanied by the progressive loss of the associated poly(A) binding protein (Pab1 in yeast) that protects the mRNA 3′ end and stimulates translation. When the poly(A) tail has been shrunk to a dozen of nucleotides, Pab1 no longer binds the transcript and two alternative degradation pathways can be triggered to eliminate the mRNA body ([@B1]). The first involves severing the 5′ m^7^GDP group from the mRNA cap, a process known as decapping, to create an entry point for 5′-3′ exonucleases such as Xrn1. The second is mediated by 3′-5′ exonucleolytic digestion of the transcript by the exosome. Both pathways initiate the recycling of released nucleotides while residual cap structures are processed by dedicated enzymes such as DcpS ([@B2]). While the scavenger activity of DcpS has been extensively described, it has also been reported to be able to cleave cap from mRNAs *in vitro* ([@B3]). The contribution of this activity to mRNA decay *in vivo* remains unclear.

Decapping is a critical step of gene expression as it blocks translation initiation and irreversibly engages the mRNA substrate in the degradation pathway. Decapping is mediated by a multimeric complex minimally composed of Dcp2, the catalytic subunit ([@B4],[@B5],[@B6]), and its partner Dcp1 ([@B7]). Yeast Dcp1 and Dcp2 form a stable heterodimer often referred to as the decapping holoenzyme, whereas their human counterparts require an additional subunit, EDC4 (formerly Hedls), for stable association ([@B8]). Dcp2 cleaves mRNA caps ([@B4],[@B5],[@B6]) through its conserved N-terminal region that consists in an N-terminal Regulatory domain (NRD), which directly binds Dcp1 and a Nudix domain that carries the catalytic residues followed by the BoxB involved in substrate binding ([@B9]). Dcp1--Dcp2 is, however, poorly active by itself, in part due to its high intrinsic flexibility ([@B10],[@B11],[@B12],[@B13],[@B14],[@B15]) and requires several co-factors with partly redundant roles for optimal decapping activity (Pat1, Dhh1, Edc1, Edc2, Edc3 and Scd6 proteins as well as the Lsm1--7 complex in yeast and their respective homologues in other species such as PATL1, DDX6, PNRC2, EDC3, LSM14 and LSM1--7 proteins in human; ([@B16],[@B17],[@B18],[@B19],[@B20],[@B21],[@B22],[@B23],[@B24],[@B25],[@B26])). Yeast Edc1 stabilizes an active conformation of Dcp1--Dcp2 in which the Dcp2-NRD domain, bound to Dcp1, and the Dcp2 Nudix domain sandwich the substrate cap to stimulate the chemistry of decapping ([@B14],[@B15]). Edc3 enhances the affinity of Dcp2 for RNA substrates by inducing the folding of Dcp2 BoxB ([@B11]). Interestingly, the decapping activators Edc1 and Edc3 can bind simultaneously to the Dcp1--Dcp2 dimer and thus can act synergistically to stimulate decapping ([@B15]). In addition, yeast Pat1 binds (i) eight short leucine-rich helical motifs (HLM) spread along the variable C-terminal tail of Dcp2 and (ii) the Lsm1--7 complex that recognizes the 3′ end of RNA generated by deadenylation, thereby physically linking the RNAs targeted for decay to the decapping enzyme Dcp2 ([@B17],[@B18],[@B27],[@B28],[@B29],[@B30],[@B31]). Using an HLM present at the C-terminus of Xrn1, Pat1 also assists RNA exonucleolytic trimming following decapping ([@B31]). As proposed recently, binding of Edc3 and Pat1 to yeast Dcp2 further contributes alleviating the influence of a cis-inhibitory fragment present within its C-terminus ([@B32],[@B33]). Besides these general mechanisms of decapping activation, specific cases of regulation of RNA decay by decapping have been identified. This includes, the regulation of the stability of the Rps28A mRNA in yeast. When an excess of the ribosomal protein Rps28 is present, it favors together with Edc3 the recruitment of the decapping complex through binding to a stem-loop structure present within its own mRNA, thereby promoting decapping independently of deadenylation ([@B25],[@B34],[@B35]). A related mechanism of direct recruitment of Dcp2 by Edc3 has been shown to occur for the degradation of cytoplasmic Yra1 pre-mRNA ([@B36]). Alternative modes of decapping activation, bypassing the requirement for Pat1, Edc1, Edc3 and Lsm1--7 proteins have also been shown to occur during nonsense mediated mRNA decay (NMD) where specific protein complexes encompassing Dcp1--Dcp2 have been proposed to stimulate decapping for these particular substrates ([@B37]).

At the cellular level, decapping complexes have been shown to accumulate in specific cytoplasmic foci called P-bodies that are associated with mRNAs translationally repressed and/or targeted for degradation ([@B38],[@B39]). Controversial conclusions have been reached on whether decapping and RNA decay occur within these cellular granules ([@B40]) while experimental evidences have demonstrated that at least a fraction of decapping occurs co-translationally ([@B41],[@B42]). The formation of P-bodies is enhanced in specific conditions such as glucose deprivation in yeast and clearly implicates partners of the decapping enzyme ([@B43]). In particular, Edc3 and the prion-like C-terminal extension of Lsm4 were proposed to play predominant roles in the formation of the protein--protein, protein--RNA and RNA--RNA networks of interactions driving the accumulation of RNA and decay factors in specific sites ([@B44]). Yet, in their absence, alternative factors such as Pby1, the RNA helicase Dhh1 and/or the RNA binding protein Psp2 were shown to mediate redundant interactions facilitating P-body formation in yeast ([@B44]).

Pby1 was reported to interact with decapping factors in several interactome studies ([@B23],[@B37],[@B45],[@B46],[@B47],[@B48]). However, Pby1 inactivation did not impair decapping of reporter mRNAs and it was proposed to contribute to P-body assembly by destabilizing microtubules due to its similarity to the metazoan tubulin tyrosine ligase (TTL; ([@B49])). TTL influences the stability and dynamics of microtubules by catalyzing the tyrosination of the C-terminal end of tubulin α subunit ([@B50]). A role of Pby1 in modulating P-body formation through an action on microtubules is however questionable since, unlike its mammalian homologues, yeast tubulin does not contain a C-terminal tyrosine and Pby1 does not repair the yeast alpha tubulins C-terminal ends ([@B51]). Moreover, the reported sensitivity of Pby1 to benomyl, a microtubule destabilizing drug, functionally linking it to tubulin ([@B52]), turned out to be artifactual as the gene mutated in the yeast mutant collection was not PBY1 ([@B53]). If the presence of Pby1 in P-bodies reinforced its link to decapping ([@B49],[@B54]), its molecular function has remained elusive.

Here, we demonstrate that *Saccharomyces cerevisiae* Pby1 is a direct interaction partner of the Dcp1--Dcp2 decapping holoenzyme. Biochemical and structural analyses demonstrate that Pby1 interacts with the decapping holoenzyme through its C-terminal ATP-grasp domain, a prerequisite for Pby1 localization within P-bodies. Moreover, genetic interaction indicates that Pby1 binding to the decapping enzyme stimulates growth in conditions in which decapping activation is compromised, suggesting that Pby1 contributes to decapping activation *in vivo*.

MATERIALS AND METHODS {#SEC2}
=====================

Pull-down assays {#SEC2-1}
----------------

Pull-down experiments were performed by mixing 1 nmol of GST-*Sc*Pby1-CTD with 1 nmol of the various proteins of interest. All proteins were free of nucleic acids according to the OD~280 nm~/OD~260 nm~ ratio. Binding buffer (20 mM Tris--HCl pH 7.5, 150 mM NaCl, 1 mM MgCl~2~, 10% glycerol) was added to a final volume of 60 μl. The reaction mixtures were incubated on ice for 1 h. 10 μl was withdrawn as « input » fraction. The remaining 50 μl were incubated with 10 μl of glutathione magnetic agarose beads (Thermo) pre-equilibrated with binding buffer in a final volume of 200 μl at 4°C for 1--1.5 h on a rotating wheel. Beads were washed three times with 500 μl of binding buffer. Bound proteins were eluted with 50 μl of elution buffer (binding buffer supplemented with 20 mM reduced glutathione). 4 μl of « input » and 20 μl of « elution » fractions were resolved on SDS-PAGE and visualized by Coomassie blue staining (or eventually silver nitrate staining).

Reconstitution, crystallization and structure determination of the Dcp1--Dcp2-\[1--271\]--Edc3--\[2--66\]--Pby1--\[330--753\] complex from *S. cerevisiae* {#SEC2-2}
----------------------------------------------------------------------------------------------------------------------------------------------------------

Details on cloning, expression and purification of isolated proteins as well as on structure determination of *Kl*Pby1-CTD can be found as supplementary information.

The quaternary complex formed by the Dcp1, Dcp2-\[1--271\], Edc3-\[2--66\] and Pby1-\[330--753\] proteins from *S. cerevisiae* was reconstituted by mixing equimolar amount of Dcp1--Dcp2-\[1--271\] complex and Pby1-\[330--753\] with an excess of Edc3-\[2--66\] and incubation for 30 minutes on ice. Before injection on a Superdex 200 16/60 size exclusion column (GE Healthcare) pre-equilibrated with buffer B (20 mM Tris--HCl pH 8; 150 mM NaCl; 5 mM β-mercaptoethanol and 1 mM MgCl~2~), the volume of the mixing reaction was adjusted to 1 ml with buffer B. The fractions corresponding to the central part of the main peak containing the four proteins of interest, were pooled and concentrated to 10 mg/ml.

Initial micro-crystals were obtained at 4°C by mixing 150 nl of quaternary complex (10 mg/ml) with an equal volume of crystallization solution (0.05 M calcium acetate; 0.1 M sodium cacodylate pH6; 25% MPD). Larger crystals were obtained within 2--3 weeks by increasing drops volume and simultaneously varying calcium acetate from 0.05 to 0.15 M and MPD from 17% to 24%. Crystals with the same morphology were obtained in the absence or the presence of ATPγS (ten-fold molar excess) but only those obtained in the presence of ATPγS led to useful datasets. Crystals were cryo-protected by transfer into the crystallization solution containing 25% MPD and ATPγS (only when crystals were grown in the presence of this nucleotide).

Several datasets were collected on beamlines Proxima-1 and Proxima-2 (Synchrotron SOLEIL, Saint-Aubin, France), ID23 and ID29 (ESRF, Grenoble, France). Data indexing and processing were performed with the program XDS ([@B55]). The best dataset was obtained by merging two datasets collected on beamline ID23 using the XSCALE program ([@B55]) and analyzed using the STARANISO server as diffraction was highly anisotropic ([@B56]). Statistics for data processing are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The structure of the complex was solved by molecular replacement with the PHASER program using the previously solved crystal structures of *S. cerevisiae* Dcp2 Nudix domain (PDB code: 4K6E), of *Kluyveromyces lactis* Pby1 C-terminal domain (searching a first model made of domains A and C on the one side and domain B alone on the other side) and of *K. lactis* Edc3 bound to *Kl*Dcp2 region corresponding to the E3BM ([@B11]). Several cycles of building and refinement were performed using COOT ([@B57]) and BUSTER ([@B58]), respectively (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) allowing to model some helices from *Sc*Dcp2 NRD and the N-terminal helix from *Sc*Dcp1. Due to intrinsic flexibility in the crystal, a region from *Sc*Dcp2 NRD and most of *Sc*Dcp1 could not be modeled in the 2*F*~o~ -- *F*~c~ electron density map.

Yeast assays {#SEC2-3}
------------

For yeast growth assays, the PBY1 over-expressing plasmid (pBS4999), mutant derivatives thereof (pBS5665 and pBS5666), or control vector (pYX242; [Supplementary Tables S2 and S5](#sup1){ref-type="supplementary-material"}) were first introduced in *Δpat1/Δdhh1* and *Δpat1/Δscd6/Δedc3* yeast cells (YFW168 and BSY2601, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) by transformation. Cells were grown at the permissive temperature to the logarithmic phase in synthetic complete (SC) medium lacking leucine. Cultures were diluted to an optical density of 0.1 at 600 nm (OD~600~) with sterile water. Three microliters of this dilution as well as 10-fold serial dilutions were plated on SC medium lacking leucine plates. Cell growth rate was monitored at 25, 30 and 34°C for the indicated time.

Two-hybrid assays {#SEC2-4}
-----------------

The ProQuest two-hybrid assay (Thermo) was used to monitor protein interaction. The indicated plasmids were introduced by co-transformation in strain MAV203 and transformant selected on SC medium lacking leucine and tryptophan. The β-galactosidase activity was monitored using the Beta-Glo Assay system (Promega) using cells grown in liquid SC medium lacking leucine and tryptophan. Average values and standard-error of the mean of at least two biological duplicates are plotted.

Microscopy analyses {#SEC2-5}
-------------------

Cells encoding a chromosomal copy of *PBY1-GFP* transformed with plasmid pBS4526 encoding EDC3-mCherry were processed as previously described ([@B24]). Briefly, after growth in SC-Leu medium at 30°C to an OD~600~ = 0.4, cells were shifted to the same medium lacking glucose, and incubated for 10 min at room temperature. A 1.5 ml aliquot of cells was centrifuged at 13 300 rpm for 30 s, and all but 50 μl of medium were removed. Cells were briefly vortexed, and 3 μl of suspension placed on a glass slide were immediately subjected to microscopy analysis. Imaging was performed with a Zeiss Axiovert 200M microscope attached to an Andor camera. Co-localization was performed using the GFP filter first, followed immediately by using the RFP filter. Color addition and image merging for co-localization were performed using ImageJ ([@B59]).

Additional materials and methods details are provided as supplementary information.

RESULTS {#SEC3}
=======

*S. cerevisiae* Pby1 interacts directly with the decapping machinery via its C-terminal domain {#SEC3-1}
----------------------------------------------------------------------------------------------

Pby1 was reported to associate with Dcp1 and Edc3 using two-hybrid assays ([@B45],[@B48]) and to co-purify with tagged versions of these factors by affinity purification-mass spectrometry experiments ([@B23],[@B37],[@B46],[@B47]). However, whether the detected interactions are direct and the region of Pby1 involved remained unclear. Sequence analyses indicate that Pby1 is a bipartite protein containing a N-terminal domain (NTD) with similarity to the SurE phosphatase family ([@B60]) and a C-terminal domain (CTD) related to the ATP-grasp fold found in TTL (Figure [1A](#F1){ref-type="fig"}; ([@B50],[@B61])). To characterize further Pby1 interaction network, we assayed the ability of full-length Pby1 or of its individual domains to interact with either Dcp1 or Edc3 using the yeast two-hybrid assay. We could reproduce earlier results when testing for the interaction between full-length Pby1 and both the Dcp1 and Edc3 proteins in *S. cerevisiae* (Figure [1A](#F1){ref-type="fig"}). A slightly stronger signal was observed when Pby1 was shortened to its C-terminal domain (CTD) alone while the signal was brought down to background levels for Pby1 N-terminal domain (NTD), indicating that Pby1-CTD is necessary and sufficient for these interactions.

![Pby1 interacts with the decapping machinery. (**A**) The Pby1 C-terminal domain is sufficient for interaction with both Dcp1 and Edc3 decapping factors. Schematic representation of *Saccharomyces cerevisiae* Pby1 protein. The interactions between full-length Pby1, its N- or C-terminal domains and decapping factors were studied by yeast two-hybrid assay monitoring β-galactosidase activity. Pby1 constructs were fused to the DNA binding domain (DBD) while other decapping factors (Dcp1 or Edc3) were fused to the transcription activation domain (AD). (**B**) Pby1 C-terminal domain interacts directly with the Dcp1--Dcp2 complex. Schematic representation of *Saccharomyces cerevisiae* Dcp1, Dcp2 and Edc3 proteins. EVH1: Ena/Vasp homology domain, binds Pro-rich sequences; NRD: N-terminal regulatory domain; E3BM: Edc3-binding motif; FDF: Phe-Asp-Phe motif recognized by Dhh1 helicase; RB: Rps28-binding motif; YjeF-N: Edc3 C-terminal domain forming homodimers. Pull-down experiment of various decapping complexes by GST-Pby1-CTD. Input and eluted samples were analyzed on 15% SDS/PAGE and Coomassie Blue or silver nitrate staining. (**C**) The Pby1 C-terminal domain forms stable complexes with Dcp1--Dcp2 decapping enzyme. Chromatograms resulting from SEC-MALLS analysis of the indicated proteins and/or complexes. A zoom-in centered on the main peaks with the refractive index (left y-axis; solid lines) and the distribution of molecular mass calculated from light scattering along this peak (right y-axis; dashed lines) is shown. It is noteworthy that due to an excess of Dcp1--Dcp2-\[1--247\] relative to Pby1-CTD, a large peak eluting at 14 mL and corresponding to Dcp1--Dcp2-\[1--247\] complex is visible in the analysis of the reconstituted Dcp1--Dcp2-\[1--247\]-Pby1-CTD complex (red curve). Coomassie Blue or silver nitrate stained SDS-PAGE analyses of the proteins present in the central fraction of the peak exhibiting the higher refractive index are shown. Gels are boxed using the same color as for the chromatograms.](gkaa337fig1){#F1}

We and others have recently shown that the association between the Edc3 and Dcp1 decapping factors is bridged by the decapping enzyme Dcp2 ([@B11],[@B15],[@B62]), suggesting that at least one of the interactions detected between Pby1 and both Dcp1 and Edc3 could be indirect. To assay whether Pby1 directly binds the decapping complex and identify its interaction partner, we performed an *in vitro* GST pull-down assays using purified *S. cerevisiae* proteins expressed in *E. coli*. The GST-Pby1-CTD construct specifically co-precipitated the minimal Dcp1--Dcp2-\[1--271\] complex in the presence of the Edc3 LSm domain (region 2--66), which is known to interact with Dcp2 through the Edc3 Binding Motif (E3BM, Dcp2-\[247--260\]) (compare lanes 1 and 6, Figure [1B](#F1){ref-type="fig"}; ([@B11])). Next, we incubated GST-Pby1-CTD with either the Dcp1--Dcp2-\[1--271\] complex or Edc3 LSm but detected interaction only with Dcp1--Dcp2-\[1--271\] (compare lanes 2 and 3, Figure [1B](#F1){ref-type="fig"}). These results demonstrate that Pby1 binds directly to the decapping holoenzyme Dcp1--Dcp2 and that Edc3 is not required for this interaction. Hence, the Pby1-Edc3 interaction detected via two-hybrid is likely bridged by the Dcp1--Dcp2 complex. In line with these findings, the Dcp1--Dcp2-\[1--247\] complex lacking the E3BM still interacted with Pby1-CTD (lane 4; Figure [1B](#F1){ref-type="fig"}). We tested if Dcp1 alone could interact with Pby1-CTD (lane 5; Figure [1B](#F1){ref-type="fig"}) but failed to detect any interaction. Overall, our data suggest that the surface used by Pby1-CTD to bind the decapping holoenzyme is either located on Dcp2 (NRD or Nudix domain) or shared by Dcp2 and Dcp1.

Based on these findings, we used size-exclusion chromatography coupled to multi-angle laser light scattering (SEC-MALLS) to analyze both stability and oligomeric state of the identified complexes in solution. Both Edc3 LSm and Pby1-CTD in isolation showed a monomeric behavior in solution (blue and green curves, respectively, Figure [1C](#F1){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Mixing Dcp1--Dcp2-\[1--271\] (grey curve) or Dcp1--Dcp2-\[1--247\] (red curve) complexes with a 1.2--1.5-fold molar excess of Pby1-CTD, yielded in both cases a major SEC MALLS peak corresponding to an heterotrimeric Dcp1--Dcp2--Pby1 complex as revealed by SDS-PAGE (Figure [1C](#F1){ref-type="fig"}) and measured molecular weight ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Finally, when Pby1 was incubated with the Dcp1--Dcp2-\[1--271\]--Edc3 complex in the same conditions, the major peak (black curve, containing all four proteins according to SDS-PAGE) shifted to a smaller elution volume and showed an higher molecular weight (100 kDa) than measured for Dcp1--Dcp2-\[1--271\]--Pby1 (86.5 kDa) indicating the formation of an heterotetrameric Dcp1--Dcp2--Pby1--Edc3 complex. The significant shift in elution volume (0.4 mL for a theoretical molecular weight difference of 7.3 kDa) for the tetrameric complex compared to the Dcp1--Dcp2-\[1--271\]--Pby1 complex further indicates that the Dcp1--Dcp2--Edc3--Pby1 complex has a much larger hydrodynamic radius than the trimeric one. This observation is consistent with our crystal structure of the Dcp1--Dcp2--Edc3 complex from *K. lactis* that revealed the folding of the BoxB region of Dcp2 as a long alpha helix upon Edc3 binding ([@B11]). Altogether, this interaction data demonstrates that the C-terminal domain from Pby1 interacts directly with the Dcp1--Dcp2 complex, and indirectly with Edc3, thereby forming a heterotetrameric complex.

Pby1 C-terminal domain is a likely ATP-dependent ligase {#SEC3-2}
-------------------------------------------------------

To further characterize Pby1-CTD, we determined its crystal structure. As the *S. cerevisiae* Pby1-CTD did not crystallize, we expressed and purified the corresponding domain from various fungal orthologs. We obtained diffracting crystals for Pby1-CTD from *K. lactis* (encompassing residues 321--717; *Kl*Pby1-CTD). This structure was determined by multi-wavelength anomalous dispersion (MAD) using the anomalous signal from selenomethionine-labeled protein crystals and refined to 2.3 Å resolution to yield *R* and *R*~free~ values of 18.8% and 24%, respectively ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

The *Kl*Pby1-CTD structure reveals the presence of three domains (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Domain A (residues 322--387) consists in a four stranded parallel β-sheet packed by one α-helix on each side. Domain B (residues 422--517 and 561--580) is composed of a five stranded antiparallel β-sheet with four α-helices on one side. Domain C (residues 388--421, 518--560 and 593--714) folds as a five stranded antiparallel β-sheet curved around a long central α-helix and surrounded by three α-helices. Domains A and C associate to form a large central core. These three domains and their arrangement are typical of ATP-grasp proteins ([@B61]), in agreement with predictions based on amino acid sequence analyses ([@B49]). One copy of *Kl*Pby1-CTD is present per asymmetric unit and crystal packing analysis suggests that this domain is monomeric in agreement with our SEC-MALLS experiments on *S. cerevisiae* Pby1-CTD (Figure [1C](#F1){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). Hence, Pby1-CTD differs from most ATP-grasp superfamily members such as [d]{.smallcaps}-alanine:[d]{.smallcaps}-alanine ligase, GST and LysX, which are homodimeric or tetrameric ([@B63],[@B64]).

![Structure of *Kl*Pby1-CTD. (**A**) Ribbon representation of the crystal structure of *K. lactis* Pby1 C-terminal domain. (**B**) Superimposition of *G. gallus* TTL (light pink; PDB code: 4I4T; ([@B66])) bound to tubulin (grey) and AMPPCP (black sticks) onto *Kl*Pby1-CTD (same color code as panel A). For the sake of clarity, only the C-terminal end of tubulin (missing residues are depicted by a grey dashed line) is shown and the C-terminal glutamate from tubulin, to which a tyrosine residue is grafted, is shown as grey sticks. Two magnesium ions bound to TTL active site are shown as black spheres. The location of the nucleophile binding pocket according to other structures of ATP-grasp enzymes bound to nucleophile molecules is delineated by a black dashed circle. (**C**) Reaction mechanism catalyzed by members of the ATP-grasp ligase proteins. The acidic group and nucleophile known for the reaction catalyzed by TTL are indicated in brackets. (**D**) Mapping of the sequence conservation onto the surface of *Kl*Pby1-CTD protein structure (from no conservation in white to strict conservation in red). Conservation scores have been calculated from an alignment of fungal sequences using the Consurf server ([@B72]). The crystal structure of the TTL-tubulin-stathmin-4-AMPPCP complex has been superimposed onto *Kl*Pby1-CTD to help visualize the location of Pby1 putative active site and substrate binding pocket ([@B66]). (**E**) Comparison of TTL and *Kl*Pby1-CTD active sites and nucleophile binding pockets. Same color code as panel B. The ATP-bound conformation of *Kl*Pby1-CTD has been modeled by superimposing its different domains onto the corresponding domains from TTL in the TTL-tubulin-stathmin-4-AMPPCP complex ([@B66]). For the sake of clarity, only *Kl*Pby1-CTD residues are labeled.](gkaa337fig2){#F2}

The comparison of *Kl*Pby1-CTD structure with known structures using the DALI server ([@B65]) reveals the highest structural similarities with *G. gallus* TTL ([@B66]), human tubulin polyglutamylase TTLL7 (TTLL stands for TTL-like; ([@B67])) and *Xenopus tropicalis* tubulin monoglycylase TTLL3 ([@B68]) proteins with *Z*-score values ranging from 22.5 to 20 and rmsd values of 2--2.3Å over 160--180 Cα atoms (19--29% sequence identity, Figure [2B](#F2){ref-type="fig"}). As conventional ATP-grasp enzymes ([@B61]), TTL uses an ATP molecule to form an acylphosphate intermediate on the acidic group present at the C-terminal end of de-tyrosinated tubulin α subunit. This acylphosphate is then attacked by a nucleophile, the NH~2~ amino group from [l]{.smallcaps}-tyrosine, thereby releasing phosphate and regenerating C-terminally tyrosinated tubulin α subunit (Figure [2C](#F2){ref-type="fig"}; ([@B50])). Interestingly, while in most structures of ATP-grasp enzymes solved in the absence of ADP/ATP (or non-hydrolysable ATP analogues), domain B is not visible due to its flexibility, this domain is clearly defined in the 2*F*~o~ -- *F*~c~ electron density map in our structure, despite the absence of nucleotide. This domain, which is engaged in crystal packing, adopts a position that differs from that observed for other ATP-grasp enzymes bound to nucleotides such as in the crystal structure of TTL bound to its tubulin substrate (Figure [2B](#F2){ref-type="fig"}; ([@B66])). Indeed, upon nucleotide binding, domain B folds back onto domain C to clamp the nucleotide at the domains interface while, in our apo-structure of *Kl*Pby1-CTD, domain B adopts a more open conformation. Hence, our structure could correspond to a pre-loading state ready to capture an ATP molecule for subsequent reactions.

Mapping of the sequence conservation within Pby1 orthologues onto the surface of *Kl*Pby1-CTD reveals a large and highly conserved region formed by residues from domains B and C, which matches with the regions known to interact with ATP, the nucleophile and the substrate in ATP-grasp enzymes (Figure [2D](#F2){ref-type="fig"}). Comparison of the *Kl*Pby1-CTD structure to that of TTL bound to tubulin (Figure [2D](#F2){ref-type="fig"}) reveals that the extended C-terminal tail of tubulin α1 would fit into the highly conserved region present at the surface of Pby1-CTD. This also reveals that the Pby1-CTD region matching the TTL surface interacting with the globular domain from tubulin α1 and β2, is poorly conserved. As the tubulin region facing this Pby1 area is highly conserved, this observation further reinforces the conclusion that Pby1 is not a tubulin tyrosine ligase. To compare in more details Pby1 and TTL active sites, we have superimposed the structure of TTL bound to AMPPCP, a non-hydrolyzable ATP analog and tubulin-stathmin complex to model the ATP-bound form of *Kl*Pby1-CTD ([@B66]). This reveals that the ATP binding site and the catalytic residues are conserved between both proteins (Figure [2E](#F2){ref-type="fig"}). In particular, the strictly conserved Glu660 from *Kl*Pby1 (Glu693 in *Sc*Pby1) matches perfectly with TTL Glu331 that interacts with a magnesium ion and which substitution by a Gln completely abolishes tubulin tyrosination activity ([@B69]). Similarly, the neighboring residues involved in the coordination of two Mg^2+^ ions in TTL active site are also conserved in Pby1 proteins (D647 and N662 in *Kl*Pby1). Finally, the side chain from *Kl*Pby1 Arg533 perfectly matches with TTL Arg202 that forms a bidentate salt bridge with the C-terminal carboxyl group from the tubulin substrate. On the contrary, most residues forming the walls of the nucleophile binding pocket differ between TTL and Pby1 (Figure [2E](#F2){ref-type="fig"}), strongly suggesting that L-tyrosine is not the nucleophile used by Pby1.

In conclusion, Pby1-CTD possesses all characteristics essential for catalysis by members of the ATP-grasp superfamily but significantly differs from TTL, with which it shares the strongest structural similarity. We thus propose that Pby1-CTD acts as an ATP-dependent ligase that will graft a still unknown nucleophile on the acidic group(s) of substrate(s) that remain to be identified.

Dcp2 Nudix domain binds to the Pby1--CTD putative active site {#SEC3-3}
-------------------------------------------------------------

To understand how Pby1 interacts with the Dcp1--Dcp2 complex, we built-up on our SEC-MALLS results to reconstitute various Pby1-Dcp1--Dcp2 complexes by mixing Dcp1--Dcp2, Edc3 LSm domain and Pby1-CTD proteins from *S. cerevisiae* and set crystallization trials. Crystals diffracting to medium resolution and suffering from serious anisotropy could be obtained for the complex formed between Pby1-CTD, Dcp1--Dcp2-\[1--271\] and Edc3 LSm domain (hereafter called Dcp1--Dcp2--Edc3--Pby1 complex), yielding to a complete dataset at 3.5Å resolution ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This structure was solved by molecular replacement using the crystal structures of each of these proteins from *S. cerevisiae* or homologs from *K. lactis* or *S. pombe*. Molecular replacement gave clear solutions for Dcp2-Nudix, Edc3 LSm and all three domains of Pby1-CTD but although an SDS-PAGE analysis confirmed the presence of the four proteins in the crystals, neither *S. cerevisiae* Dcp1 nor Dcp2-NRD structures could not be positioned by this method. Nevertheless, subsequent iterative cycles of model building and refinement, allowed modeling most of the Dcp2 NRD as well as the N-terminal α-helix from Dcp1 in the unassigned 2*F*~o~ -- *F*~c~ and *F*~o~ -- *F*~c~ electron density maps. The poor quality of the map in this region indicates that the Dcp1--Dcp2 NRD module exhibits an intrinsic flexibility in the crystals, which could explain their limited and highly anisotropic diffraction. The final model was refined to 3.5 Å resolution, yielding *R* and *R*~free~ values of 24.6% and 32.1%, respectively (Figure [3A](#F3){ref-type="fig"}; [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). During refinement of this structure, we identified a putative magnesium ion coordinated by four highly conserved acidic amino acids located within Pby1 domain B (Figure [3A](#F3){ref-type="fig"}). The presence of this magnesium ion is supported by: (i) its coordination sphere formed by the side chains from four conserved acidic amino acids (D446, D448, E451 and E459 according to *S. cerevisiae* numbering; Figure [3A](#F3){ref-type="fig"} inset and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}); (ii) the presence of 1 mM MgCl~2~ in the buffer used to reconstitute the Dcp1--Dcp2--Edc3--Pby1 complex and (iii) a peak in the *F*~o~ -- *F*~c~ electron density map resulting from the refinement of the Dcp1--Dcp2--Edc3--Pby1 structure in absence of Mg^2+^ bound to Pby1-CTD (Figure [3A](#F3){ref-type="fig"}). This magnesium binding site is located at the interface between Pby1 domain B and the Dcp2 Nudix domain. However, this cation is not strictly required for formation of the Dcp1--Dcp2--Edc3--Pby1 complex as this later can be formed using a buffer lacking MgCl~2~ (data not shown). The comparison of this magnesium binding site between *Kl*Pby1 and *Sc*Pby1 crystal structures reveals that in the presence of Mg^2+^, the side chains from E451 and to a lesser extent D446 and E459 flip towards the Mg^2+^ ion to complete the coordination sphere (Figure [3A](#F3){ref-type="fig"}).

![Pby1 interacts with the Nudix domain from Dcp2. (**A**) Ribbon representation of the crystal structure of the *S. cerevisiae* Dcp1--Dcp2--Edc3--Pby1 complex. Pby1 domains are colored using the same color code as in Figure [2A](#F2){ref-type="fig"}. The helix harboring the Dcp2 Nudix hydrolase signature is shown in red. A putative magnesium ion bound to Pby1 domain B is shown as a black sphere. An AMPPCP molecule, not present in our crystal structure, is shown as black sticks and has been modeled into Pby1 active site by superimposing the crystal structure of *G. gallus* TTL-tubulin-stathmin-4-AMPPCP complex ([@B66]). Similarly, a m^7^GDP molecule (yellow spheres), not present in our crystal structure, has been modeled in Dcp2 active site by superimposing the structure of the *K. lactis* Dcp1--Dcp2--Edc3--m^7^GDP complex ([@B11]) onto the Dcp2 Nudix domain from Dcp1--Dcp2--Edc3--Pby1 complex. For the sake of clarity, only secondary structure elements mentioned in the text are labeled. Inset: Zoom in the boxed region showing a putative Mg^2+^ binding site in Pby1 domain B. The structures of *Kl*Pby1 (light blue) and *Sc*Pby1 (orange) domains B have been superimposed. Residues involved in coordination of the Mg^2+^ ion in *Sc*Pby1 and corresponding residues in *Kl*Pby1 are shown as sticks. The 2*F*~o~ -- *F*~c~ (contoured at 1σ) and *F*~o~ -- *F*~c~ (contoured at 2.5σ) electron density maps are shown in blue and green, respectively. (**B**). Dcp2 interacts with a strongly conserved region largely overlapping with the putative active site from Pby1-CTD. The sequence conservation score (calculated using the Consurf server from the same sequence alignment as for *Kl*Pby1-CTD in Figure [2D](#F2){ref-type="fig"} ([@B72])) is mapped onto the surface of *Sc*Pby1-CTD protein structure (from no conservation in white to strict conservation in red). The Pby1 regions contacted by Dcp2 NRD and Nudix domain are delineated by green and blue lines, respectively. (**C**) Pby1 domain B closes onto ATP binding site in the *S. cerevisiae* Dcp1--Dcp2--Edc3--Pby1 complex. The crystal structure of *Kl*Pby1-CTD (gray) has been superimposed onto Dcp2-bound *Sc*Pby1-CTD (same color code as panel A). For the sake of clarity, Dcp1 and Edc3 have been omitted and only Dcp2 Nudix domain is shown. (**D**) Dcp2 Nudix domain is unlikely to be a Pby1 substrate. The expected location of the acidic group on which Pby1 is assumed to graft a nucleophile is visualized by superimposing the structure of TTL-Tubulin-Stathmin-AMPPCP complex ([@B66]) and corresponds to the C-terminal glutamic acid from tubulin (in yellow).](gkaa337fig3){#F3}

In the Dcp1--Dcp2--Edc3--Pby1 complex, Edc3 LSm binds at the C-terminal end of the long α-helix (α8) formed by the BoxB protruding from Dcp2 Nudix domain as previously observed in the structures of *K. lactis* Dcp1--Dcp2--Edc3 ± Edc1 complexes (Figure [3A](#F3){ref-type="fig"} and [Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}; ([@B11],[@B15])). Small differences reside in the curvature of this long Dcp2 helix, reflecting the intrinsic flexibility of this region ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Although only helix α1 from Dcp1 and a fraction of Dcp2 NRD are defined in the electron density maps, the interaction between Dcp1 N-terminal helix and Dcp2 NRD is also reminiscent of the interaction mode described for *S. pombe* and *K. lactis* Dcp1--Dcp2 complexes (Figure [3A](#F3){ref-type="fig"} and S1D; ([@B10],[@B11])) and will not be discussed here. Most interestingly, *S. cerevisiae* Pby1-CTD interacts almost exclusively with the Nudix domain from Dcp2 although some contacts exist between a loop located within domain A from Pby1-CTD and helices α2 and α5 from Dcp2 NRD (Figure [3A](#F3){ref-type="fig"} and [Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). The Pby1-Dcp2 interaction involves an ∼1200 Å^2^ interface contributed by residues from all three Pby1 domains and by residues located in the vicinity of the Dcp2 active site ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Although the moderate resolution of our crystal structure precludes a detailed analysis of the interface between Dcp2 and Pby1, it clearly reveals that Dcp2 contacts a well conserved region near Pby1 putative active site (Figure [3B](#F3){ref-type="fig"}). Indeed, with the exception of Pby1 residues contacting Dcp2 NRD, most Pby1 residues involved in the interaction with Dcp2 are well-conserved among Pby1 orthologues (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). A first interaction surface is formed by residues located in the loop connecting strand β3 to helix α2 from Pby1 domain A and a crevice formed at the apical face of the Dcp2 Nudix domain. This later is localized between the m^7^GDP binding site and the BoxB element, which is required for RNA binding. A second interacting area is formed by residues from Pby1 helices α3 and α4 and residues located in the vicinity of the m^7^GDP binding site on Dcp2 Nudix domain. Finally, some residues proximal to the putative magnesium binding site from Pby1 domain B interact with one lateral surface of Dcp2 Nudix. This results from a 26° rotation of this Pby1 domain (relative to the large central core formed by domains A and C) upon interaction with Dcp1--Dcp2--Edc3 complex by comparison to our *Kl*Pby1-CTD structure (Figure [3C](#F3){ref-type="fig"}). Consequently, *Sc*Pby1-CTD, when bound to Dcp2, adopts a closed conformation reminiscent of those observed for ATP-grasp enzymes bound to ATP (or analogues) and/or substrates ([@B66]).

The binding of Dcp2 Nudix domain in the vicinity of Pby1 putative active site obviously raises the possibility that Dcp2 is Pby1′s substrate. To determine whether Dcp2 could be post-translationally modified by Pby1, similarly to tubulin by TTL and TTLLs ([@B66],[@B68]), we superimposed the crystal structure of TTL-AMPPCP-tubulin-stathmin complex onto Pby1 in the context of the *S. cerevisiae* Dcp1--Dcp2--Edc3--Pby1 complex to locate ([@B1]) the binding sites for ATP and ([@B2]) a putative acidic group to be modified by Pby1 enzyme (Figure [3D](#F3){ref-type="fig"}). This reveals that the Dcp2 loops connecting strands β2 and β3 as well as helices α7 to α8 are the closest ones from Pby1 putative active site. One acidic amino acid (D127 from *S. cerevisiae* Dcp2) is present in the loop connecting strands β2 and β3 but is not conserved among Dcp2 fungal orthologues ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Similarly, no conserved acidic residues are present in the loop connecting helices α7 to α8 in Dcp2 proteins. Altogether, this strongly suggests that if Pby1 is indeed an ATP-dependent ligase as indicated by its structural analysis, it is very unlikely to post-translationally modify Dcp2. Surprisingly, the side chain of D699 from *Sc*Pby1-CTD points towards the putative binding site of the acidic function to be modified by ATP-grasp enzymes (Figure [3D](#F3){ref-type="fig"}). This residue is strictly conserved in orthologous Pby1 proteins ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Hence, we cannot exclude that in certain physiological conditions (such as glucose deprivation known to induce the formation of Pby1-containing P-bodies), Pby1 modifies D699 in *cis*, which would most probably result in its auto-inhibition. This hypothesis will have to await the detailed characterization of Pby1 biochemical function.

In conclusion, our crystal structure of the Dcp1--Dcp2--Edc3--Pby1 complex shows that Pby1-CTD interacts mainly with the Nudix domain of Dcp2 decapping enzyme and that although this later fits into the putative active site of Pby1, it is unlikely to be a Pby1 substrate.

Pby1 is recruited to P-body through its interaction with the Dcp2 Nudix domain {#SEC3-4}
------------------------------------------------------------------------------

To validate the Dcp2--Pby1 interface observed in our structure, we substituted Pby1 residues Y409, K411 and R415 from domain C (Figure [4A](#F4){ref-type="fig"}) with Ala, Glu and Glu, respectively, to generate the Pby1 YKR triple mutant. GST-pull-down experiments (Figure [4B](#F4){ref-type="fig"}) and yeast two-hybrid assays (Figure [4C](#F4){ref-type="fig"}) showed that the interaction of YKR mutant with decapping factors is indeed strongly reduced both *in vitro* and *in vivo*, validating the interface observed in our crystal structure. To assess the impact of this interaction *in vivo*, we monitored the intracellular distribution of Pby1 as it was reported to co-localize with Edc3 in P-bodies upon glucose deprivation ([@B49]). Chromosomal GFP-tagged alleles expressing Pby1 and derivatives thereof were constructed to maintain protein expression at its endogenous level. Cells were transformed with a plasmid expressing Edc3--mCherry and the localization of the GFP and mCherry signals determined by microscopy with or without glucose depletion. Consistent with interaction studies (Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"} and ([@B23],[@B37],[@B45],[@B46],[@B47],[@B48]), wild type Pby1 co-localized with Edc3--mCherry in P-bodies after glucose deprivation (Figure [4D](#F4){ref-type="fig"}). Using truncated Pby1 constructs, we next tested whether its N- and/or C-terminal domains behaved similarly to the full-length protein. While Pby1-CTD fused to GFP also co-localized with Edc3 in P-bodies after glucose depletion (Figure [4D](#F4){ref-type="fig"}), GFP-Pby1-NTD was diffusely distributed in the cytoplasm ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Finally, full-length Pby1 YKR mutant failed to localize in P-bodies (Figure [4D](#F4){ref-type="fig"}). Altogether, these data demonstrate that our structural model is biologically relevant and indicate further that Pby1 is recruited in P-bodies through its interaction with the decapping enzyme. Interestingly, P-bodies labeled with Edc3--mCherry were readily detected with GFP--Pby1--NTD or the YKR mutant, confirming that functional Pby1 is not required for their formation.

![Preventing Pby1 to interact with Dcp2 blocks its recruitment in P-bodies. (**A**) Detailed representation of the Dcp2 binding interface involving Y409, K411 and R415 from *Sc*Pby1, which have been mutated into Ala, Glu and Glu, respectively, in the YKR mutant. Same color code as Figure [3A](#F3){ref-type="fig"}. (**B**). The YKR Pby1 mutant interacts loosely with the Dcp1--Dcp2 decapping complex based on GST-pull-down experiments. Input and eluted (GST pull-down) samples were analyzed on 15% SDS/PAGE and Coomassie Blue staining. (**C**). Yeast two-hybrid assay reveals that the Pby1-YKR mutant does not interacts with Dcp1 and Edc3. β-Galactosidase activity was monitored as for Figure [1A](#F1){ref-type="fig"}. (**D**). The C-terminal domain of Pby1 promotes its recruitment to P-bodies. Full-length and C-terminal domains of Pby1 were fused to GFP and the cellular localization was monitored by microscopy in glucose-starved cells also expressing Edc3 fused to mCherry. The YKR mutant of Pby1 was assayed alongside.](gkaa337fig4){#F4}

Pby1 does not impact decapping in vitro but stimulates growth in conditions in which decapping activation is compromised *in vivo* {#SEC3-5}
----------------------------------------------------------------------------------------------------------------------------------

Since its initial characterization, the Dcp1--Dcp2 decapping holoenzyme has been crystallized in many different conformations. The active form could only be trapped when bound to the m^7^GDP reaction product ([@B11],[@B14]) or with a non-hydrolyzable cap analog ([@B15]). In the absence of cap, a spectrum of orientations of the Dcp1--Dcp2 NRD module relative to the Dcp2 Nudix have been observed ([@B10],[@B11],[@B12],[@B13]), indicative of a highly dynamic enzyme ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}; ([@B9],[@B14])). In our structure of *S. cerevisiae* Dcp1--Dcp2--Edc3--Pby1 complex, Dcp2 exhibits strong resemblance with our previously solved structure of *Kl*Dcp1--Dcp2 complex ([Supplementary Figure S4A and B](#sup1){ref-type="supplementary-material"}; ([@B11])) and hence does not adopt an active conformation (consistent with the absence of a cap analogue in our crystallization conditions). To analyze whether Pby1-CTD could prevent Dcp2 from adopting its active conformation upon cap recognition, we superimposed the *Sc*Dcp1--Dcp2--Edc3--Pby1 and *Kl*Dcp1--Dcp2--Edc3--m^7^GDP complexes onto their Dcp2 Nudix domains (Figure [5A](#F5){ref-type="fig"}). This reveals a potential small steric hindrance between helices α5 from Dcp2 NRD and α2 from Pby1 domain A. To probe whether this potential clash would prevent Pby1 from interacting with an activated conformation of Dcp2, we tested the impact of the m^7^GpppA cap analogue, which is known to induce the switch from inactive to active conformations of the decapping enzyme, on complex formation ([@B14],[@B70]). The Dcp1--Dcp2--Edc3 complex pre-incubated with m^7^GpppA was used in GST pull-down experiments. m^7^GpppA was also used in combination with a non-hydrolyzable ATP analog (ATPγS) that can either bind to Pby1--CTD or to Dcp1--Dcp2 complex ([@B10]). Neither the m^7^GpppA cap analog, ATPγS nor both together affected the interaction between Pby1--CTD and the Dcp1--Dcp2--Edc3 complex ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). We next tested whether Pby1 influenced the *in vitro* decapping activity of Dcp1--Dcp2--Edc3 and observed that Pby1 has no significant effect (neither positive nor negative; Figure [5B](#F5){ref-type="fig"}) on Dcp2-catalyzed decapping in our conditions. This observation, that may result from the absence of a critical cofactor in our *in vitro* reaction, prompted us to test whether Pby1 could indirectly modulate decapping *in vivo*. For this purpose, we assayed whether Pby1 over-expression could synergize or suppress the impaired growth phenotypes resulting from deletion of decapping activators. We observed that Pby1 over-expression partly suppressed the poor growth phenotype observed at 34°C after the concomitant deletion of DHH1 and PAT1 genes, two well-known decapping activators (Figure [5C](#F5){ref-type="fig"}; ([@B71])). Interestingly, multi-copy suppression was also observed with a Pby1 E693Q mutant (corresponding to E660Q in *Kl*Pby1) that is assumed to obliterate the catalytic site of the ATP-grasp domain according to former studies performed on TTL E331Q mutant (Figure [5C](#F5){ref-type="fig"}; ([@B69])). In contrast, the Pby1 YKR mutant was unable to suppress the Δpat1/Δdhh1 growth phenotype at 34°C, indicating that this genetic interaction requires Pby1 binding to Dcp2 (Figure [5C](#F5){ref-type="fig"}). Similarly, over-expressed Pby1 was also able to suppress the poor growth of a Δpat1/Δedc3/Δscd6 yeast strain at 34°C (Figure [5D](#F5){ref-type="fig"}) indicating that excess Pby1 is a general suppressor of mutants affecting decapping activation rather than compensating for the deficit of a specific pathway. Overall, these observations indicate that while Pby1 does not directly modulate the Dcp2 decapping activity *in vitro* in our conditions, its interaction with the latter factor compensate for the compromised activation of decapping when it is over-expressed.

![Pby1 interaction with Dcp2 does not affect decapping *in vitro* but suppresses poor growth in compromised decapping conditions. (**A**). The model of the interaction between Pby1 and the active form of the Dcp1--Dcp2--Edc3 decapping enzyme reveals a small steric clash (red dashed lines) between Pby1 helix α2 and Dcp2 NRD helix α5. This model was generated by superimposing Dcp2 Nudix domains from the crystal structures of *Sc*Dcp1--Dcp2--Edc3-Pby1 and *Kl*Dcp1--Dcp2--Edc3-m^7^GDP complexes. The surface of the *Kl*Dcp1--Dcp2--Edc3--m^7^GDP complex is shown in white. For the sake of clarity, *Sc*Dcp1, *Sc*Dcp2 and *Sc*Edc3 are not shown. Same color code as Figure [3A](#F3){ref-type="fig"}. (**B**). Pby1 does not affect decapping by the Dcp1--Dcp2 complex *in vitro*. Time-course reactions of decapping using a substrate with a radiolabelled cap were performed with recombinant Dcp1--Dcp2-\[1--315\]--Edc3-\[2--200\] alone or in the presence of BSA, and with Dcp1--Dcp2-\[1--315\]--Edc3-\[2--200\]--Pby1-\[330--753\]. The appearance of m^7^GDP was monitored by thin layer chromatography. (C, D). Pby1 over-expression facilitates yeast growth of cells lacking several decapping activators. Yeast growth assays were performed using the *Δpat1/Δdhh1* (**C**) or Δ*pat1/Δedc3/Δscd6* (**D**) strains transformed with the indicated plasmids. Serial 10-fold dilution of cultures were spotted on plates with SC medium lacking leucin and incubated at the indicated temperatures for 4 days. We would like to stress that under the same experimental conditions, the wild-type strain grows much faster that both *Δpat1/Δdhh1* or Δ*pat1/Δedc3/Δscd6* strains (data not shown), in agreement with former studies ([@B30],[@B71]).](gkaa337fig5){#F5}

DISCUSSION {#SEC4}
==========

While protein--protein interaction analyses and protein localization studies assays have earlier linked Pby1 to the decapping machinery, the biological relevance of these findings remained unclear. Based on the similarity of the C-terminal domain of Pby1 to TTL and the sensitivity of a *pby1* mutant to benomyl together with the impact of tubulin mutants on P-body formation, Pby1 was proposed to contribute to P-body formation by acting on the cytoskeleton ([@B49]). Our structural analysis demonstrates that while Pby1-CTD adopts an ATP-grasp fold with high similarities to TTL (Figure [2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}), it does not contain conserved features indicating that it could bind tubulin and/or tyrosine (Figure [2D](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"}). Moreover, a PBY1 deletion mutant lacking the TTL-related domain doesn't prevent P-body formation ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Taken together with the fact that yeast Pby1 has no detectable TTL activity *in vivo* ([@B51]) and that the reported benomyl sensitivity of *pby1* mutant ([@B52]) was incorrect ([@B53]), our data definitively argue against a role of Pby1 in modulation of P-body formation by affecting the cellular cytoskeleton.

In contrast, our structural and genetic data demonstrate that Pby1 interacts directly with Dcp2, the catalytic subunit of the decapping enzyme (Figures [1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}). We also show that Pby1 can associate with the Dcp1--Dcp2--Edc3 complex without clearly affecting its capacity to sever mRNA cap from transcripts *in vitro* (Figure [5B](#F5){ref-type="fig"}). While Pby1--CTD harbors all the required elements to catalyze the ATP-dependent transfer of a nucleophile onto an acidic group as other ATP-grasp enzymes (Figure [2E](#F2){ref-type="fig"}), our structure indicates that Dcp2 is unlikely to be its substrate as no conserved acidic residue lies in proximity to Pby1--CTD active site (Figure [3D](#F3){ref-type="fig"}). From our analysis, it remains, however, possible that Pby1 would target itself for modification (Figure [3D](#F3){ref-type="fig"}) but this intriguing possibility will necessitate further investigation.

At the cellular level, the binding of Pby1 through its CTD to Dcp2 promotes the recruitment of Pby1 into P-bodies (Figure [4D](#F4){ref-type="fig"}). Furthermore, while the Pby1-CTD is not required for P-body formation, over-expression of the full-length protein has been reported to stimulate the formation of these granules in a context where this process is genetically compromised by mutation of *edc3* and *lsm4* ([@B44]). This suggests that Pby1 might favor the clustering of the decapping enzyme in P-bodies when other factors normally performing this function, such as Edc3, are absent. This correlates with our observation that Pby1 over-expression suppressed the defective growth of yeast cells lacking several activators of decapping (Figure [5C](#F5){ref-type="fig"}, [D](#F5){ref-type="fig"}). Interestingly, while the interaction of Pby1 with the decapping enzyme is required for this function, Pby1 putative enzymatic activity (Pby1 E693Q mutant; (Figure [5C](#F5){ref-type="fig"})) is not. Altogether, this suggests that Pby1 is an additional member of a long list of redundant decapping activators, encompassing Edc1/2, Edc3 and Pat1, that directly interact with Dcp2 (and in some case its Dcp1 partner) to activate decapping *in vivo*. One could hypothesize that Pby1 could for example stabilize the decapping enzyme *in vivo* or alternatively, affect its post translational modification or cellular localization. Further analyses will be necessary to uncover how Pby1 modulates decapping.
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